The stability constants of the binary Cu 2+ complexes of glycine amide, diglycine, diglycine amide, triglycine, and tetraglycine were determined, as were those of the mixed-ligand Cu 2+ systems containing 2,2'-bipyridyl and one of the mentioned oligoglycines. The results evidence that all these complexes have the same structure and, therefore, the binding sites of the ligands have to be the terminal amino group and the oxygen of the neighbored amide group. The stability differences between the ternary and the binary complexes are in agreement with this interpretation. It is of interest to note that these ternary complexes are significantly more stable than expected on statistical reasons. With increasing pH, the amide groups in the binary complexes are successively deprotonated. Thus, with tetraglycine finally all three amide protons are displaced, and the amide nitrogens are bound to the square-planar coordination sphere of Cu 2+ . As in the Cu 2+ -2,2'-bipyridyl 1 : 1 complex, only two coordination positions are left for the binding of the oligoglycine, in the tenary complexes, only one amide group can be deprotonated. An increase in pH with deprotonation of other amide groups leads to a displacement of 2,2'-bipyridyl, i. e. the simple binary complexes result. No evidence could be observed for the coordination of a deprotonated amide group to an apical position of the coordination sphere of Cu 2+ . Additionally, while the displacement of the first amide proton in the several binary Cu 2+ oligoglycine complexes occurs over a large pH range (4 to 7), the deprotonation in all the mixed-ligand complexes takes place at pH approximately 8.
In peptides, and probably also in proteins, the deprotonated amide group is one of the important binding sites for the coordination of Cu 2+ 2 . In fact, quite a number of Cu 2+ -peptide complexes, including those with oligoglycines [3] [4] [5] [6] [7] [8] , were investigated, and it was shown that the amide proton is lost by the coordination of this metal ion to the amide nitrogen.
The aim of the present study was to learn how the coordination tendency between oligoglycines and Cu 2+ is influenced, if two positions are occupied by another ligand in the coordination sphere of the metal ion. In this way, a situation which is analogous to conditions present in biological systems may be simulated. Additionally, it seems important to understand the mutual influence of two ligands bound to the same metal ion, as such mixed-ligand complexes can be considered as models for enzymemetal ion-substrate complexes [9] [10] [11] [12] . For example, in galactose oxidase action, the role of Cu 2+ has been suggested to lie in the formation of a ternary complex with the substrates 13 .
Recently, it was shown 14 that in the mixed-ligand 2,2'-bipyridyl-Cu 2+ -glycine amide complex, the
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amide group may still be deprotonated in the physiological pH range. However, the unique feature of glycine amide among "oligoglycines" is that it is only a bidentate ligand. As Cu 2+ in aqueous solution prefers a square-planar coordination sphere 15 ' 16 , no special structural problems arise in the coordination of glycine amide to the Cu 2+ -2,2'-bipyridyl 1:1 complex. To see how multidentate oligoglycines behave in their coordination to a metal ion that has only two free (hydrated) coordination positions left, the mixed-ligand complexes between 2,2'-bipyridylCu 2+ and diglycine (glycylglycine), diglycine amide (glycylglycine amide), triglycine (glycylglycylglycine), or tetraglycine (glycylglycylglycylglycine) were investigated by Potentiometrie titration in aqueous solution (I = 0.1; 25 °C). The formation of these ternary complexes and the deprotonation of their amide group (s) is compared with the corresponding qualities of the binary Cu 2+ -oligoglycine complexes 17 .
Experimental Section

Material and Measurements
The oligoglycines, 2,2'-bipyridyl, Cu(C104)2-6 H20, and NaC104 were from Fluka AG, Buchs, Switzerland.
The HCIO4 and potassium hydrogen phthalate were from Merck AG, Darmstadt, Germany.
Standardization of NaOH for titration was effected with potassium hydrogen phthalate. The exact Cu 2+ concentration of the stock solution was determined with ethylenediamine-./V,/V,./V',A r '-tetraacetic acid.
The titrations were carried out under N2 in aqueous solutions with ionic strength, 1 = 0.1 (NaC104), at 25° with a Metrohm potentiograph E336 and Metrohm UX combination glass electrodes.
The Acidity Constants of the Ligands
The acidity constants with 2,2'-bipyridyl were taken from a report by LINNELL and KACZMARCZYK 18 for XHjL and from the work of ANDEREGG 19 for XJJL . The values used for diglycine 6 , triglycine 7 , and tetraglycine 7 were determined by KIM and MAR-TELL. All the species due to these constants occur only in very minor concentrations under our experimental conditions.
The acidity constants, , due to diglycine, diglycine amide, triglycine, and tetraglycine were determined by titrating 50 ml of aqueous 10~4M HC104 and NaC104 (I = 0.1) in the presence and absence of the several ligands (between 6X10 -4 M and 1.5 x 10~3M) under N2 with 0.1 M NaOH. Constants were calculated from the respective degree of neutralization for at least 15 points of the titration curve. The results given are the average values of at least 6 independent titrations.
Stability and Acidity Constants of the Binary and Ternary Complexes
The constants due to the binary complexes were evaluated from titrations of 50 ml of aqueous 10~4M HC104 and NaC104 (I = 0.1) in the presence and absence of the metal ion and the ligand in a ratio of 1 : 1 under N2 with 0.1 M NaOH. The titrations for the ternary systems were performed in the same way with Cu 2+ , 2,2'-bipyridyl, and the oligoglycine present in a ratio of 1 : 1 : 1. The exact concentrations in the several systems were as follows.
Diglycine: The concentrations of the reactants in the binary and ternary systems were 9.0 x 10~4 M. The binary system was evaluated in the range of pH from 4.3 through 6.3 and the ternary one from pH 5.0 to 8.3. For both systems, three independent titrations were made.
Diglycine amide: The concentrations of the reactants for both systems were 5.61 x 10 -4 M. The titrations for the binary systems were carried out 9 times and evaluated from pH 5.0 to 8.0; at higher pH values, a precipitate was formed. The ternary system was titrated 7 times and evaluated in the pH range from 5.4 through 7.8; again at higher pH, precipitation occured.
Triglycine: The concentrations of the reactants in the binary and ternary systems were 6.09 x 10~4 M. The binary system was titrated 3 times and evaluated from pH 4.9 to 7.0. The results for the ternary system are the averages of 8 titrations which were evaluated from pH 5.2 through 8.4 (at higher pH values it seemed that a precipitate was formed).
Tetraglycine: The concentrations of the reactants for the 1 : 1 and 1 [L]tot = 4.06x 10 4 M) and were evaluated from pH 5.0 to 5.8. The value given is the average of the results of 12 titrations. Ten titrations were carried out for the 1:1:1 system (there was some evidence for a slight precipitation at pH Ü> 8.6), but for the acidity constant, £cu<biPy)i.
, only a very rough estimate was possible, as the concentration of the species, Cu (bipy) (L -1H), was low.
Evaluation of the Titration Data
The evaluation of the experimental data was done with an IBM 1620 computer. With estimated values for the equilibrium constants, the standard deviation between the experimentally obtained and the calculated titration curve was determined. The estimated equilibrium constants were varied by the computer till the standard deviation reached a minimum (cf. for example 20 ). The stability constants of the Cu 2+ -2,2-bipyridyl 1 : 1 and 1 : 2 complexes, which were used for the evaluation of the mixed-ligand systems, were taken from the work of ANDEREGG 19 .
From each titration, an individual set of equilibrium constants was obtained. The results given are the average values of these data. The range of error given is always 3 times the standard deviation. The equilibrium constants for the binary Cu 2+ systems with diglycine, triglycine, and tetraglycine were already determined earlier by other workers 6-8 ' 21 ' 22 . Their results agree well with ours. Fig. 1 shows one set of experimental data obtained with tetraglycine; the systems containing this ligand were the most complicated one. Curve 1 is due to a titration of the binary Cu 2+ -tetraglycine 1 : 1 mixture. The points corresponding to this curve were calculated with the averaged equilibrium constants obtained from all the 1 : 1 titrations and those with Cu 2+ in excess (cf. previous section). One sees that the agreement between the "calculated" and the experimental curve is very good. Of course, if instead of the overall results, the constants due to this special curve would have been used for the calculation, no significant deviations would be observed. Curve 2, which illustrates a titration of the ternary 2,2'-bipyridyl-Cu 2+ -tetraglycine 1:1:1 mixture, could be "redrawn" (points) by using the results obtained for the binary system, the constants of the Cu 2+ -bipyridyl 1 : 1 and 1 : 2 complexes, the stability constant, ^cu(bipy>L (obtained from experiments with Cu 2+ and 2,2'-bipyridyl in excess), and the estimated acidity constant, £cu<MPy)i.
(obtained from the 1:1:1 titrations). Even in this most complicated case, the agreement between the "theoretical" and the experimental curve is very good. This agreement shows additionally that under the conditions of 1 : 1 and 1:1:1 mixtures, hydrolyzed species derived from Cu 2+ or Cu(2,2'-bipyridyl) 2+ (cf. 23 
Results
The constants relating to equilibria 3 through 7 which correspond to the binary Cu 2+ -oligoglycine systems were computed from Potentiometrie titrations taking into account the species, H, H2L, HL, L, Cu, CuL, and the deprotonated complexes, Cu(L-nH), phere n ^ 3 and equals the number of amide protons lost. If necessary, Cu(L -nH)OH was also considered 24 .
(2)
(5)
The evaluation of the ternary 2,2'-bipyridyl-Cu 2+ -oligoglycine systems was done taking into account the species already mentioned plus H2(bipy), H (bipy), bipy, Cu (bipy), Cu (bipy) 2 , and the two mixed-ligand complexes, Cu(bipy)L and Cu(bipy) (L-1H) (cf. eqs. 8 and 9).
Theoretically a mixed-ligand species, Cu(bipy) (L -2H), where two amide protons are displaced, could occur in the systems with diglycine amide, triglycine, or tetraglycine. It is not surprising that no evidence was found for the existence of such a species, as one would expect for the following reasons, it would have a very low stability. An oligoglycine with two deprotonated amide groups is (at least) a tridentate ligand with an amino group and two amide nitrogens as binding sites. The coordination of such a ligand to the square-planar coordination sphere of Cu 2+ implies only a monodentate coordination of the bidentate 2,2'-bipyridyl. However, such a coordination is very unstable as can be judged from log^L= 1.3 25 for the Cu 2+ -2-phenylpyridine 1 : 1 complex compared with the (bidentate) coordination of 2,2'-bipyridyl with logÄ^uL = 8.00 19 .
In Table 1 , the equilibrium constants determined for the binary Cu 2+ -oligoglycine systems as well as those due to the ternary 2,2'-bipyridyl-Cu 2+ -oligoglycine systems are summarized. For comparison, the results obtained earlier 14 for the corresponding complexes with glycine amide are also given. For the same reason, some hydrolysis constants of the binary complexes are included.
It is of interest to note the influence of a ligand, like 2,2'-bipyridyl, on the distribution of the binary complexes formed in the Cu 2+ -oligoglycine system. As an example, the concentrations of the several species as dependent upon pH were computed and are shown in Fig. 2 for the binary Cu 2+ -diglycine 1 : 1 system (broken lines) as well as for the ternary 2,2'-bipyridyl-Cu 2+ -diglycine system (solid lines). While in the binary system in certain pH regions the concentration of one complex strongly dominates, this is no longer true in the presence of 2,2'-bipyridyl, where at all pH values a number of species is in equilibrium.
However, in the whole pH range, binary complexes still are present in equilibria.
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Influence of pH on the concentrations (given as the percentage of the total Cu 2+ present) of several species present in an aqueous solution of the binary system, Cu 2+ and tetraglycine (each 10~3 M) ; computed with the equilibrium constants of Table 1 .
Comparison of the influence of pH on the concentrations (given as the percentage of the total Cu 2+ present) of the several species present in an aqueous solution of the binary system (broken lines), Cu 2+ and diglycine (each 10~3m), and of the ternary system (solid lines), Cu 2+ , 2,2'-bipyridyl, and diglycine (each 10 -3 M) ; computed with the equilibrium constants of Table 1 . The concentration of CuL in the ternary system is <1%; the concentration of hydrolyzed species is <3% in the binary and ternary system at pH < 8.
In Fig. 3 the distribution of the several species as dependent upon pH is shown for the binary Cu 2+ -tetraglycine system. As one would expect with increasing pH, the following complexes are formed, CuL, Cu(L-lH), Cu(L -2H), and Cu(L-3H). By adding 2,2'-bipyridyl to this system, four new 7 complexes are formed, i. e. there are now a total of eight different complexes present. In Fig. 4 , the concentration of these species as dependent upon pH is shown. The concentration of the mixed-ligand species (solid lines), Cu(bipy)L and Cu(bipy)(L -1H), is significant; this is especially true for the first one. Fig. 4 . Influence of pH on the concentrations (given as the percentage of the total Cu 2+ present) of the several species present in an aqueous solution of the ternary system, Cu 2+ , 2,2'-bipyridyl, and tetraglycine (each 10 -3 M) ; computed with the equilibrium constants of Table 1 . The solid lines are due to the mixed-ligand complexes and the broken lines are due to Cu 2+ and the binary complexes; the dotted line portions extended toward higher pH indicate uncertainty in the distribution of the complex species due to possible precipitation.
Discussion
Structure of the Binary and Ternary Complexes, CuL and Cu(bipy)L
As known from crystallographic studies 26 , the initial complex formation between Cu 2+ and oligoglycines, e. g. diglycine, starts with the terminal amino group and not from the carboxylate end. The same is true in aqueous solution, as can be judged from the stability of the Cu 2+ -oligoglycine 1 : 1 complexes, CuL, if compared with the stability of the corresponding Cu 2+ -glycine amide complex. The results of Table 1 show that all the constants due to CuL are of the same order, despite the fact that glycine amide offers no carboxylate group for complex formation.
As the stability of the Cu 2+ -oligoglycine complexes is significantly greater than that of simple ammonia or amine complexes 27 , one has to conclude that chelates are formed within these peptides.
Therefore, the question 28 arises as to whether the chelate is formed with the amino group and the oxygen (structure B) or the nitrogen atom of the neighbored amide group (structure A); in both cases 5-membered chelates result. X-ray studies 26, 29 are in agreement with structure B which is also favored by investigations done in solution 8 ' 28 .
The results of the present study give strong evidence that in aqueous solution, a complex with structure B is indeed dominating. A superficial glance at the data due to CuL in Table 1 reveals that the constants are of the same order. But for a closer examination of the stability of these binary complexes, it is necessary to consider the somewhat different basicity of the amino group of these ligands. This can be done by plotting the stability constants against the acidity constants. For a series of structurally related ligands, a straight line should result 5 ' 30 ' 31 . In fact, a plot of the data in Table 1 results in a line (empty circles) as seen in Fig. 5 which is straight within the experimental errors.
Thus, one has to conclude that all binary complexes, CuL, formed with the ligands in Table 1 Interestingly enough, but again understandable based on structure B, is that the long "tail", e, g. The main difference between the ternary and the binary complexes is that in the square-planar coordination sphere of Cu 2+ , only two positions are left for the interaction with the peptide. The stability of these mixed-ligand complexes, Cu(bipy)L, is somewhat less dependent on the basicity of the amino group, as can be seen from the results presented in Table 1 . A plot (cf. Fig. 5, full circles) of the stability constants, log ^cu(bipy)L » versus the acidity constants, PKHL> also gives a straight line within the experimental errors. This suggests again the same principal structure for all these ternary complexes, i. e. the coordination of the oligoglycines over the terminal amino group and the oxygen of the amide group. In contrast to a structure analogous to A, a structure analogous to B precludes steric interaction between the 2,2'-bipyridyl moiety of the complex and the "side chain" of the oligoglycines. That the mixed-ligand complexes do indeed have structure D in aqueous solution will be further supported by data discussed in the next section.
NH-R D, Cu(bipy)L
Stability of the Mixed-Li gand Complexes, Cu(bipy)L
There are two convenient ways to characterize the stability of mixed-ligand complexes. The one is based on the difference of stability constants, zllog£ (eq. 10) 32 , and the other on the "disproportionation" constant, log X (eqs. 11 and 12). 
Herein ß Cu(bl py)L is due to the overall eq. 13: Cu + bipy + L Cu (bipy) L
Cu = [Cu(bipy)L]_ Pcu(bipy, L [Cu] [bipy] [L]
Generally one would expect to observe negative values for A\ogK (eq. 10), since it usually holds that > &MeL 27 -This is due to the fact that more coordination positions are available for bonding of the first ligand to a given metal ion than for the second ligand. Another point following from the two halfs of eq. 10 is worth noting, especially with regard to biochemical systems: the influence of both ligands within a ternary complex is mutual and of the same size. This means that the ligands can be reciprocally stabilized or destabilized in their coordination to the same metal ion.
The other method, i.e. using eq. 11 for the characterization of the stability of the mixed-ligand complexes, is somewhat more "objective", as the values expected for X can be deduced from statistical arguments: X = 4, logX = 0.6 (eq. 12) 33 . The difficulty in using this method is that the values due to ß have to be known for the ternary and the corresponding binary systems. This condition is very often hard to fulfill, especially with ligands of biochemical interest. To get a broader basis for the discussion and to be able to evaluate the specific influence of a ligand, like 2,2'-bipyridyl, on the stability of peptide complexes, results obtained by MARTIN et al. 22 and MARGERUM et al. 34 are now taken into account too. These data are listed in Table 2 for the mixedligand systems, glycinate-Cu 2+ -diglycine, glycinateCu 2+ -triglycine, ethylenediamine-Cu 2+ -triglycine, and diethylenetriamine-Cu 2+ -triglycine.
In Table 3 , the A log K values (eq. 10) for the systems presently investigated (No. 1-5) are summarized together with those of related systems (No. 6 -15) and the values for logX (eq. 12) as far as they could be calculated. Additionally, values are given for the stability constants, /?cu(bipy) L (eq. 13) and ^cuL(bipy) (eq. 15). All these data were calculated by using the results of Tables 1 or 2 22 ' 34 , the literature n ' 31 and one of the previous or following equations:
log / 3cü(blpy>L = log £^Mpy>L + lüg Xcü(bipy) (14) T , I . .
log ^cuL(blpy) = log / 3cu(blpy)L ~ log XcuL (16)
To get a feeling for the order of A log K values, two "standard" systems are given in Table 3 : for the 2,2 / -bipyridyl-Cu 2+ -pyrocatecholate system (No. 10) A log K is +0.43 and for the 2,2'-bipyridylCu 2+ -ethylenediamine system (No. 11) A\ogK is -1.29. Quite generally, positive A log K values are observed for the coordination between the Cu 2+ -2,2'-bipyridyl 1 : 1 complex and ligands containing 0 atoms as donors, and negative A log K values for the reaction between the Cu 2+ -2,2'-bipyridyl 1 : 1 complex and ligands with N atoms as donors n ' 35 . In agreement with these results is ZllogK= -0.35, obtained with the "mixed" 0 -N ligand, glycine (No. 6) ; this value is between those found for pure O or N ligands. The generality of this statement is confirmed by systems No. 7 -9 in Table 3 .
The values due to A log K for the 2,2'-bipyridylCu 2+ -oligoglycine systems, No. 1-5, are exactly of the order expected for the interaction between Cu 2+ -2,2'-bipyridyl and a "mixed" 0 -N ligand. This result is additional evidence that the coordination of the oligoglycines in the complexes, Cu(bipy)L, occurs through the amino group and the oxygen of the neighbored amide group, i. e. the suggested structure D is correct.
The stability of the binary complexes, CuL, and the mixed-ligand complexes, Cu(bipy)L, is somewhat different in dependence on the basicity of the oligoglycines (cf. Fig. 5 ), which is also known for other examples 36 . Therefore, one expects a relation between A log K and PKHL* Indeed, if A log K is plotted versus PKHL, one obtains a straight line with a negative slope. Such a linear dependence between A log K (or log ^Y) and p£ HL has also been observed for the other series of structurally related ligands 37 . However, it has to be emphasized here that in general no conclusion can be drawn from the basicity of a ligand with regard to the stability of its mixed-ligand complexes. For example, the basicities of malonate and pyrocatecholate are very different, but the A log K values due to Cu(bipy)L are positive for both systems n .
A comparison of the values due to log X (Table 3) shows the same general trend as that discussed for the A log K values. The values obtained with "mixed" O -N ligands (No. 6 -9) are between those due to pure O (No. 10) or N (No. 11) ligands. This confirms the different stability of the ternary 2,2'-bipyridyl-Cu 2+ -ligand complexes as well as the discriminating behavior of the Cu 2+ -2,2'-bipvridyl 1 : 1 complex 11 ' 12 . The result, log X = 2.8, for the 2,2'-bipyridyl-Cu 2+ -glycine amide system (No. 1) is in the expected order, if compared with the "mixed" O-N ligands (No. [6] [7] [8] [9] . In addition, it shows that this mixed-ligand complex is significantly more stable than expected on statistical reasons (log X = 0.6). As the values for /?CUL2 are not known for the oligoglycine systems, No. 2 -5, log X could not be calculated.
So far only the mixed-ligand complexes, Cu(bipy)L, were discussed. However, it is also of interest to compare the stability of the 2,2'-bipyridyl-Cu 2+ -diglycine (No. 2) and-triglycine (No. 4) complexes with the corresponding glycinate-Cu 2+ -diglycine (No. 12) and -triglycine (No. 13) complexes. For the latter complexes, A log K is significantly more negative. In other words, the surprisingly high stability of the ternary complexes is lost when 2,2'-bipyridyl is replaced by glycinate. The same is evident from a comparison of the data due to the 2,2'-bipyridyl-Cu 2+ -triglycine (No. 4) and ethylenediamine-Cu 2+ -triglycine (No. 14) systems 38 . This is evidence that in these complexes 2,2'-bipyridyl is responsible for the high stability: obviously, this ligand has a stability increasing effect. Indeed, this quality is also known from other examples 9~12 - 37 and as has been shown it is due to the jz-acceptor qualities of the pyridyl group 37 ' 39 .
A binding site with similar qualities and that, additionally, is important in biochemical systems, is the imidazole group. In fact, the stability increasing 37 as well as the discriminating qualities 10 of this group have been demonstrated. Having these aspects in mind, it is worthwhile to view the stability of some diglycine-metal ion-imidazole complexes. The stability constants according to eq. 17 have been determined by KOLTUN, FRIED, and GURD 41 for the Cu 2+ complex, and by TANG and Li 42 for the Ni 2+ and Cd 2+ complexes. In Table 4 , these results are summarized together with some of the stability constants due to the binary complexes.
The A log K values given in Table 4 were calculated analogous to eq. 10. These values are very small, i. e. they show that the stability of the ternary diglycine-Me 2+ -imidazole complexes is comparable wdth those of the binary Me 2+ -imidazole 1 : 1 complexes. The high stability of these mixed-ligand complexes becomes even more evident if one takes into account that diglycine is a tridentate ligand. To account for the resulting partial saturation of the coordination sphere of the metal ion, the values due to log ^Me(im)4 may be compared with those due to log^ffilm-Having in mind the results discussed in this section, one starts to feel why mixed-ligand complexes are so widely "used" in nature, and one is tempted to predict that in many naturally occuring mixedligand complexes an imidazole group together with a ligand having 0 donors is involved. Indeed, such examples are already known, as shown for pyruvate kinase 43 and carboxypeptidase A 44 . In pyruvate kinase the manganese ion, already bound to an imidazole, coordinates to an oxygen in the phosphate group of the substrate. Whereas X-ray investigation of the binding of the model substrate glycyltyrosine to carboxypeptidase A showed, that the oxygen of the amide group of the dipeptide coordinates to the zinc ion, that is bound to the imidazole groups of two histidines and the carboxylate group of a glutamic acid.
Structure and Stability of the Binary and Ternary Complexes with Displaced Amide Protons
It is generally agreed 3-8 ' 22 ' 26 ' 29 ' 41 that the deprotonated amide group coordinates through the nitrogen which is now the most basic atom within this group. This fact leads to a structural reorganization of the complex, CuL (Formula B). The deprotonated Cu 2+ -glycine amide complex, Cu(L -1H), has structure E, the corresponding complex with diglycine structure F, and the structure due to the monodeprotonated complexes formed with diglycine amide, tri-and tetraglycine may generally be formulated as shown in G. It is important to note that the differences between the structures E, F, and G are able to account for the different acidity constants, i^cuL (cf. In line with these conclusions is the stability of the deprotonated mixed-ligand complexes, Cu (bipy) (L-1H) (cf. Table 1 The deprotonation of the mixed-ligand complexes, glycinate-Cu 2+ -diglycine and glycinate-Cu 2+ -triglycine (cf. Table 2 ), occurs in a lower pH region, which is probably due to the ability of glycine to coordinate not only bidentally but also monodentally, i. e. only by the amino group 22 . In line herewith is the value due to the ethylenediamine-Cu 2+ -triglycine system. Still, the displacement of an amide proton in these mixed-ligand complexes takes place in a higher pH region than with the corresponding binary complexes. Both crystal structure 45 and the present solution studies show that an apically bound amide group does not occur. This is in contrast to a recent report 46 where it was believed that in a mixedligand complex, diethylenetriamine-Cu 2+ -alanine amide, the deprotonated amide nitrogen coordinates to Cu 2+ in an apical position. This was concluded from absorption and circular dichroism spectra and a qualitative analysis of Potentiometrie titrations. It seems that a more suitable explanation of the given results 46 is a coordination of the deprotonated alanine amide to the square-planar coordination sphere of Cu 2+ together with two of the amino groups of diethylenetriamine. The third amino group may w T eakly interact with an apical position as is known from other Cu 2+ -amine complexes 47 . In fact, such an apical interaction is also suggested for the Cu 2+ -diethylenetriamine 1: 2 complex 48 .
General Considerations
The stability constants, log K cu(blpy)L , of the 2,2-bipyridyl-Cu 2+ -oligoglycine complexes, Cu (bipy) L, are the same within 0.15 log units (cf .  Table 1 ), even though, the concentrations of the complex, Cu(bipy)L, in 1:1:1 mixtures of the three reactants are very different, as can be seen in Fig. 6 . The complex containing glycine amide reaches the highest concentration (56%) and that with diglycine the lowest (16%). The acidity constants, pKcu(bipy)L 5 of the complexes, Cu(bipy)L, are also about the same (cf. Table 1 ), but again the concentrations of the several complexes, Cu (bipy) (L -1H), are very different (cf. Fig. 6 ). The concentrations obtained for the two glycinate-Cu 2+ -oligoglycine systems (cf. Table 2 ) are also given in Fig. 6 for comparison.
The results of Fig. 6 show very demonstratively that the order of an equilibrium constant alone says little upon the concentration of the considered complex species. The concentrations of the mixed-ligand complexes are so different, because the stability of the corresponding binary Cu 2+ -oligoglycine complexes varies so much (Tables 1 and 2 ).
However, with regard to the ternary complexes containing a protein, one has to take into account that a protein is surely less flexible than, for example, tetraglycine. As a result of this, a protein can hardly bend around a metal ion and saturate its whole coordination sphere. Such a "rigid" situation favors the formation of a ternary complex very pH Fig. 6 . Comparison of the influence of pH on the concentrations (given as the percentage of the total Cu 2+ present) of the mixed-ligand complexes, Cu(bipy)L and Cu(bipy) (L -1H), present in an aqueous solution of the ternary systems containing Cu 2+ , 2,2'-bipyridyl, and glycine amide (1; broken lines) or one of the oligoglycines, diglycine (2), triglycine (3), and tetraglycine (4) (solid lines) (each 10 -3 M) ; computed with the equilibrium constants of Table 1 . The concentrations of the same species for the ternary systems with Cu 2+ , glycine, and diglycine (5) or triglycine (6) (dotted lines) are also shown; these were computed with the data given by MARTIN et al. 22 (Table 2 ). For clarity the curves due to Cu (bipy) L and Cu(bipy) (L-1H) of the 2,2'-bipyridyl-Cu 2+ -diglycine amide system are not shown. The concentration of Cu(bipy)L proceeds at pH <6.3 between curves 1 and 4, and at pH > 6.3 between 3 and 4 with the maximal concentration at pH 6.7; the concentration due to Cu(bipy) (L-1H) in the pH range 6 to 7.8 is close to curve 1.
much, as can be concluded from the result (Fig. 6) obtained with the 2,2'-bipyridyl-Cu 2+ -glycine amide system.
In conclusion, the results presented show that not only in binary oligopeptide Cu 2+ complexes a proton can be displaced from an amide group; the same is possible in mixed-ligand complexes, even in the physiological pH range, which is important with regard to enzyme-metal ion-substrate and other mixed-ligand complexes in biological systems. However, at this point it is important to note that a suitable primary binding site is necessary for a deprotonation of an amide group. An amino and probably also an imidazole 49 ' 50 group, but not a carboxylate group 51 , may function as such a primary binding site.
